ABSTRACT The rotational diffusion of concanavalin A receptors of viable Friend erythroleukemia cells and the band 3 anion transport system of human erythrocytes has been measured via the time-dependent phosphorescence emission intensity and anisotropy of triplet probes excited by a 5-ns laser pulse. Highquality phosphorescence decay curves with a 1-Its time resolution were obtained at concentrations of the eosin probe down to 20 nM and in aqueous media at temperatures of 4-380C. A strong temperature dependence in the rotational behavior was observed for the band 3 anion transport protein, but the lectin receptors of the Friend erythroleukemia cells were found to be immobile on the time scale of 1-4000 gs at either 4VC or 370C. The technique is applicable to other triplet probes and membrane components of living cells under conditions that do not destroy viability. The rotational diffusion of macromolecules reflects the combined effects of (i) size, shape, and internal flexibility, (ii) environmental fluidity and stereochemical constraints, and (iii) static and dynamic interactions with other molecules. The techniques of steady-state (1), phase-shift (2), and time-resolved (3, 4) fluorescence depolarization have been applied extensively to studies in fluid media but are limited by typical fluorescence lifetimes (<0.1 is) and the viscosity of aqueous solutions [ -1 cP (1 P = 0.1 Pa-s)] to rigid molecules smaller than 106 daltons. In the case of larger oligomeric macromolecules and assemblies, or of rotation in viscous media-e.g., biological membranes-methods with a longer time range (>1 Ms) are required (5).
pulse. Highquality phosphorescence decay curves with a 1-Its time resolution were obtained at concentrations of the eosin probe down to 20 nM and in aqueous media at temperatures of 4-380C. A strong temperature dependence in the rotational behavior was observed for the band 3 anion transport protein, but the lectin receptors of the Friend erythroleukemia cells were found to be immobile on the time scale of 1-4000 gs at either 4VC or 370C. The technique is applicable to other triplet probes and membrane components of living cells under conditions that do not destroy viability. The rotational diffusion of macromolecules reflects the combined effects of (i) size, shape, and internal flexibility, (ii) environmental fluidity and stereochemical constraints, and (iii) static and dynamic interactions with other molecules. The techniques of steady-state (1), phase-shift (2) , and time-resolved (3, 4) fluorescence depolarization have been applied extensively to studies in fluid media but are limited by typical fluorescence lifetimes (<0.1 is) and the viscosity of aqueous solutions [ -1 cP (1 P = 0.1 Pa-s)] to rigid molecules smaller than 106 daltons. In the case of larger oligomeric macromolecules and assemblies, or of rotation in viscous media-e.g., biological membranes-methods with a longer time range (>1 Ms) are required (5) .
There exists increasing evidence that the dynamic (diffusional) properties and aggregation states of cell surface components are correlated with cellular function such as metabolism, differentiation, transport, hormonal regulation, motion, and adhesion (6) (7) (8) (9) . Fluorescence methods have been applied extensively in studies of membrane dynamics (for a review see ref. 7) . However, time-resolved rotational diffusion measurements on intact cells have not been reported.
A recent technique with the required temporal resolution exploits transient dichroic absorption changes due to the long-lived excited triplet state induced by the photoselective action of plane-polarized light (10) . Rotational depolarization measurements using the anisotropic ground state depletion or triplet-triplet absorption signals of triplet states with millisecond lifetimes have been reported (and are reviewed in ref. 11). The essential limitation of the techniques based upon absorption is that of sensitivity. Signal-to-noise considerations (12) limit experiments to solutions or suspensions with concentrations of the triplet probe of at least [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] AM. This circumstance restricts the applicability of absorption dichroism to relatively few natural or in vitro membrane systems (6, 7, 11, 13) . In particular, suspensions of most cells cannot be employed at the required densities without introducing unacceptable depolarization due to scattering.
We describe here a variation of the triplet probe approach that extends the sensitivity into the nanomolar range and is thus applicable to studies of living cells. It exploits the polarized emission properties of the triplet state-i.e., time-resolved phosphorescence anisotropy in fluid media.
MATERIALS AND METHODS
Eosin-Labeled Human Erythrocyte Ghosts. Erythrocytes from freshly drawn human blood were labeled with eosin 5'-isothiocyanate (EITC; Molecular Probes) according to Nigg et al. (14) . The externally labeled ghosts produced after lysis and washing were suspended in 5 mM Na phosphate buffer, pH 7.3, and stored under argon at 4VC in the dark.
Eosin-Labeled Concanavalin A (Eosin-Con A). Jack bean concanavalin A (Con A) was the product of Sigma Chemicals. It was labeled with EITC under reduced light conditions (14) according to a procedure described elsewhere (15) 
the functions S(t) = Ill(t) + 2II(t) and r(t) = [II(t) -Il(t)]/S(t). S(t) represents the polarization-
independent total emission intensity and r(t) is the emission anisotropy (3, 4) . The triplet lifetimes are derived by analysis of the former function and the rotational correlation times from the latter. For a hydrated sphere with a unique rigidly attached chromophore S(t) = I1e-t/T and r(t) = roe-t/, [] in which IO is the initial phosphorescence intensity, T is the phosphorescence lifetime, ro is the limiting anisotropy determined by the angle X between the absorption and emission transition moments So = (3 cos2X -1)/5, [2] and is the rotational correlational time related to the rotational diffusion constant D and thus to molecular volume V of the sphere and viscosity wq of the medium according to = 1/6D = Vi7/kT = Mr(i5 + h)i1/RT, [3] in which k is the Boltzmann constant, R is the gas constant, T is the absolute temperature, Mr is the molecular weight, v is the partial specific volume, and h is the degree of hydration. For H20, 20'C, i5 = 0.73 and h = 0.2 ml/g, X = 0.38 ns/kilodalton.
Experimental values are characteristically 1.6 times higher (3, 18) . Thus, we use 4)exp t 0.6 ns/kilodalton-cP. [4] The expressions for S(t) and r(t) are more complex in the event of nonspherical rotors (3, 4, 19, 20) , heterogeneity in chromophore orientation (3, 4, 19, 21) , and anisotropy of the supporting medium or stereochemical restrictions to rotation (11, (19) (20) (21) We have measured the decay of the triplet state of aqueous solutions of the reagent EITC by both triplet-triplet absorption and phosphorescence emission, using the instrument shown in Fig. 1 . The quality of the emission curves ( Fig. 2A) (Fig. 3A) . The curves were decomposed into two components, the second of which got longer (1979) 5653 and increased in relative amplitude as the temperature was reduced ( Table 1 ). The lifetimes of triplet probes complexed or conjugated to proteins are characteristically multiple and shorter than those of the free chromophores (refs. 18, 25, and 32; see also below).
The sensitivity of the phosphorescence detection technique is demonstrated by data accumulated at a 20 nM concentration of the probe (Fig. SB) . A comparison of the single traces depicted in the insets of Fig. 3 A and B reveals the expected difference in signal-to-noise ratio (theoretically 10-fold) for the 100-fold change in concentration. The dramatic effect of signal averaging on the quality of the cumulative decay curves is evident.
The time-resolved emission anisotropies corresponding to the experiments of Fig. 3A are shown in Fig. 3 C and D with different temporal resolution. In all cases, a finite anisotropy was observed at the longest measurable time (3-4 msec) . This finding indicates that rotational relaxation in this system is anisotropic and restricted and is consistent with the linear dichroism measurements of Cherry and his colleagues. The anisotropy at t = 0 of 0.09 was invariant with temperature and if equated to r4, (Eq. 2) corresponds to an angle of 460 between the singlet absorption and apparent triplet emission transition moments. (This estimate of r, may be too low, however, if the polarization varies across the emission band or if there is appreciable independent motion of the probe.) The emission is predominantly polarized in-plane as judged by the positive value of ro, a result consistent with the known perturbing effects of heavy atom substituents on the -7r-xr* triplet state of aromatic molecules (26) (27) (28) .
The time courses of phosphorescence anisotropy at the three temperatures (Fig. 3) were significantly different. Thus, at 40C the anisotropy actually increased with time, at room temperature it decreased slightly, and at 380C it decreased more significantly. The observed behavior was not due to irreversible structural changes, as was evidenced by reversibility with a given sample exposed to bidirectional shifts of temperature. The apparent and predominant rotational correlation times were in excess of 1 msec (Table 1 ), but at 380C there existed indications for decay of anisotropy in the range of 10-100, ,sec. The results are consistent with the notion that the molecular entity sensed by the eosin probe has a more rigid structure as the temperature decreases, and it is interesting that the transport function of band 3 is markedly temperature dependent in the range tested (30) .
A more quantitative statement depends upon the molecular model adopted for the system. For example, assuming that band 3 can be represented as a rigid ellipsoid of revolution (4, 11, 19, 31) , the curve at 40C would imply that the absorption and emission transition moments more or less straddle the rotation axis. [The minimal condition for negative amplitudes in the decay of anisotropy (Eq. 5) is that the angle between the projections of the absorption and emission transition moments on the plane normal to the axis of symmetry and rotation be greater than 45°. For a related case, see ref. 34 .] As the temperature increases, segmental elastic deformation or more global conformation change generates additional relaxation modes that lead to a greater contribution of out-of-plane relative to in-plane rotation (20) and thus ultimately to a net depolarization. An alternative interpretation based upon the concept of diffusion within a cone of restricted motion (21) would be that the angular constraints diminish with temperature. It should be added that a X of 1-2 ms is not consistent with Eq. 4 (i.e., is too large) when the reported values of 3-10 P are used for the microviscosity of the erythrocyte (ghost) membrane in the temperature range 37-10 C (35 as-yet-undefined components of the membrane. It is also possible that the faster relaxations at 380C seen in Fig. 3 might reflect discrete segmental motions associated with ion translocation (30) .
During the preparation of this manuscript, additional data from Nigg and Cherry were reported on the dichroic absorption kinetics of band 3 labeled with eosin-maleimide (32) . These authors also found temperature-dependent triplet lifetimes and anisotropy decays similar to those of Fig. 4 . However, the increase in r seen at 4VC by phosphorescence was not observed in absorption, as is expected because the latter measurement uses the same electronic transition for the actinic and interrogating processes.
Eosin-Con A. The binding of the lectin Con A to the surface glycoproteins and glycolipids of eukaryotic cells produces a number of effects, including agglutination, mitogenic stimulation, and redistribution (6) and anchorage modulation (8) of surface receptors. The increased agglutinability of malignant and transformed compared to normal cells has been ascribed in part to enhanced mobility of the lectin receptors (see ref. 9 ). There exists evidence based on steady state fluorescence polarization data for the differential rate of rotation of Con A bound to normal and malignant cells (36) . However, measurements of the lateral diffusion of lectin receptors have demonstrated that the latter are relatively immobile (7) .
In the present study, we examined the rotational properties of bound Con A by using the phosphorescence anisotropy approach. Con A was labeled with EITC and characterized by time-resolved phosphorescence emission (Fig. 4 A and B) and triplet-triplet absorption (Fig. 4 C and D) . The two methods of detection (Fig. 4 A and C) yielded decay parameters in fairly good agreement (Table 1 ). The addition of methyl a-D-manopyranoside, a specific monosaccharide ligand for Con A, led to a shortening of the slower component, a finding which suggests that triplet lifetimes may be useful for studies of ligand interactions. At least two components were also observed in the decay of anisotropy. In the latter case, the values for the rotational times were consistent with those predicted for the global (15) .
The phosphorescence properties of suspensions of cells labeled with eosin-Con A are depicted in Fig. 5 . The triplet lifetimes were significantly shorter than those seen for the probe alone (Table 1) and perhaps reflect an accentuation of the effect seen with the monosaccharide ligand. The striking finding was the absence of a perceptible decay in the phosphorescence emission anisotropy at either 4°C or 370C. We conclude that there is no significant global rotation of bound Con A (and by implication of the corresponding receptors) under the conditions of this experiment (preliminary data indicate that this result may be generalizable to other cells and dimeric Con A). However, the anisotropies at t = 0 in Fig. 5 are lower than those observed with the protein in glycerol or with eosin-labeled membranes (Table 1) . It is quite probable that the local motion of the eosin probe resolved in Fig. 4D by absorption (and partially by phosphorescence) is too rapid for detection in the measurement on cells suspended in aqueous media. One explanation for the apparent discrepancy between our results and those obtained by steady-state fluorescence depolarization, therefore, would be that the latter method produces average values reflecting the contributions both of global and local motion.
By faster gating of the photomultiplier (or in the absence of fluorescence) the phosphorescence measurements described here can be extended int6 the nanosecond range so as to overlap with high-resolution fluorescence techniques (2) (3) (4) 37) . Thus, the total polarized luminescence can provide information about rotational motion in the range of t10-10 to 1 second.
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